Introduction
Reactive oxygen species (ROS) produced during aerobic respiration are important actors of cell signalling pathways and immune responses (Metcalfe and Alonso-Alvarez 2010; Sena and Chandel 2012) , but can have deleterious effects by oxidising macromolecules and thereby disrupting cell function (Avery 2014) . Oxidative stress, resulting from an excess of ROS relative to antioxidant defences, is thus proposed as a credible mechanism underlying lifehistory trade-offs (Monaghan et al. 2009; Metcalfe and Alonso-Alvarez 2010) . To understand the potential role of oxidative stress as a constraint on life-history traits, it is crucial to understand how organisms co-regulate pro-and anti-oxidant molecules. There is no a priori expectation on how measures of antioxidant defences should relate to measures of ROS levels and oxidative damages (Costantini and Verhulst 2009) . The antioxidant capacity could be modulated to counteract the deleterious effects of ROS, thus resulting in a redox balance (Blount et al. 2016) . Such compensation by an increase in antioxidant in response to ROS production would lead to a positive, or an absence of, correlation. Conversely, a deficit of energetic resources or dietary antioxidants might constrain antioxidant defences and thus decrease their ability to counteract ROS effects. If circulating antioxidants are then used up to protect the organism against increased reactive oxygen species, they should covary negatively with ROS production or oxidative damages. However, it is not clear whether antioxidant protection, especially through antioxidant enzymes, is energetically costly (Speakman and Krol 2010; Isaksson et al. 2011; Gems and Partridge 2013) and measured antioxidant defences could increase with ROS production, as more antioxidant are mobilized.
Variation in ROS production is also insufficiently understood. ROS are often expected to increase in response to increased metabolism, but the generality of this relationship is far from clear (Speakman and Selman 2011) . A higher metabolic and respiratory rate might not be associated with a higher ROS production (Barja 2007; Glazier 2015; Salin et al. 2015b) . First, the natural or experimental inhibition of mitochondrial respiration simultaneously slows down the electron flow through the electron transport chain, which is then in a reduced state, and increases the intra-mitochondrial concentration of oxygen, two mechanisms which promote ROS production (Bonawitz et al. 2007; Salin et al. 2015a) . Second, uncoupling proteins (UCPs) and changes in the mitochondrial inner membrane structure modulate the inner membrane conductance to protons and in turn the relationship between energy consumption and ROS production (Brand 2000; Criscuolo et al. 2005; Stier et al. 2014a ).
The interpretation of oxidative stress measures in ecological studies therefore requires a better understanding of their variability in the wild and the actual co-variation between markers. In particular, relationships between traits can differ greatly when measured at the within-individual level, where life-history trade-offs can be expressed, or at the betweenindividual level, where differences in individual quality or permanent environment are expected to play a large role (Stearns 1989; Wilson and Nussey 2009) . To explore these questions, we measured two plasmatic markers of oxidative state, namely (i) organic hydroperoxides, acting as precursors of long-term oxidative damage, through the d-ROM test and (ii) non-enzymatic antioxidant capacity through the OXY test, in adults of a small passerine bird, the collared flycatcher Ficedula albicollis (Temminck, 1815) , during three consecutive breeding seasons. These two markers, frequently used in wild bird populations, are sensitive to manipulations of energy expenditure or mitochondrial ROS production (Stier et al. 2014b; Vaugoyeau et al. 2015; Récapet et al. 2016c Récapet et al. , 2017 . They have been linked to dietary antioxidant intake (Beaulieu and Schaefer 2014) , to reproductive effort (Beaulieu et al. 2011; Markó et al. 2011; Reichert et al. 2014; Wegmann et al. 2015) and to fitness outcomes (Geiger et al. 2012; Herborn et al. 2016) . Although markers of oxidative state are often variable across tissues (Veskoukis et al. 2009 ), we focussed on plasma here because (i) it can be repeatedly sampled within and between years and (ii) we can expect quick variation of oxidative balance in the blood in response to energetic constraints (Nikolaidis et al. 2008) . We first estimated the 6 repeatability of oxidative state markers within the same season, as well as between seasons.
Then we assessed the correlation between these markers while controlling for differences between years or between sexes that can spuriously generate strong correlations between markers (Christensen et al. 2015) . If non-enzymatic antioxidants are constrained by availability in the diet, we expect a negative correlation between antioxidant capacity and reactive oxygen metabolites and this negative correlation should be stronger when feeding conditions are poorer. Conversely, if non-enzymatic antioxidants are up regulated at low costs in response to increased ROS production, we expect a positive correlation between these two markers, independently of the feeding conditions.
To experimentally test the effect of energetic and nutritional constraints on oxidative state, we manipulated wing load in breeding females (i.e. handicapped females) to increase their energy expenditure in 2012 and 2013, and we food supplemented breeding pairs during the nestling feeding stage to alleviate nutritional constraints and foraging energy expenditure in 2014. If increased energy expenditure translates into increased ROS production, we expect higher reactive oxygen metabolites when energetic constraints are stronger, i.e. (i) for handicapped females (compared to control ones) and (ii) for unfed pairs (compared to food supplemented ones). More generally, we also expect the correlations between the two markers of oxidative state to be stronger in handicapped females compared to control ones and in unfed pairs compared to food supplemented ones.
Material and methods

Study population
The study was conducted during spring 2012 to 2014 in a natural population of collared flycatchers breeding on the island of Gotland, Sweden (57°07'N, 18°20'E). This hole-nesting bird readily breeds in the artificial nest boxes erected in the nine forest plots used for the study 7 (between 13 and 78 nest boxes per plot distributed homogeneously in space). Nests were visited regularly to estimate laying date, clutch size and hatching date. Females were first caught during incubation (on average ± S.D. 7.2 ± 1.2 days after the start of incubation), before the start of any experimental treatment, then males and females were both caught when feeding nestlings (on average when nestlings were 9.0 ± 2.1 days old). For females, the interval between both captures was thus 13.6 ± 2.5 days on average (± S.D.). Upon capture, birds were ringed if previously unringed and blood sampled (see below).
Experimental manipulations of energetic constraints
In 2012 and 2013, we increased energetic constraints on females from the second half of the incubation period by cutting the two innermost primaries of each wing at their base, to mimic feather loss at the onset of moult (Moreno et al. 1999; Sanz et al. 2000; Ardia and Clotfelter 2007; Récapet et al. 2016c) . Upon capture during incubation, females were assigned to the manipulated (handicapped) or the control group (same handling conditions but no feathers cut) alternatively by blocks of two females to avoid the two experimental groups to differ in treatment date. The manipulation was successful at increasing female energy expenditure, measured through the doubly-labelled water method (Récapet et al. 2016c ). We did not manipulate the wing load of males in this experiment and found no effect of our manipulation on males, for example through compensatory behaviour (Récapet et al. 2016c ).
Conversely, in 2014, we relieved energetic constraints on both parents during the nestling feeding period by providing additional food (Récapet et al. 2016a (Récapet et al. , 2017 . When nestlings were two days old, transparent plastic containers were attached to the front side of the nest box. For supplemented pairs, 30g live maggots (larvae of Calliphora erythrocephala, Fibe AB, Kungsängen, Sweden) were placed in the containers once a day until nestlings were 12 days old (i.e. over a total of 11 days). This corresponded to approx. 150 individual larvae of 8 200mg per day, i.e. 25 larvae per nestling for a brood of 6 nestlings. Thus, the food supplementation spared about half of the approx. 360 daily parental visits estimated in control nests in the same year (Récapet et al. 2017) . Control pairs received no food, but were visited daily to control for human disturbance. Pairs were assigned either to the control or supplemented group alternatively in space for a given hatching date, so as to distribute treatments homogenously in space both within and between study plots and in time within the breeding season.
Measures of markers of the oxidative balance
To measure blood markers of oxidative state, a 40µL blood sample was taken from the brachial vein into heparin-coated Microvettes (Sarstedt, Nümbrecht, Germany). Blood samples were maintained at 5°C in the field before being centrifuged in the evening to separate plasma from red blood cells. Plasma and red blood cells were then stored at -80°C until being analysed in the laboratory. A total of 860 blood samples was collected on nestling feeding males and females, and 256 on incubating females. Because of the low amount of plasma available for each sample, we restricted our laboratory analyses to two oxidative state markers: reactive oxygen metabolites (ROMs) concentration and plasma antioxidant capacity, following protocols adapted to small samples (Récapet et al. 2016c (Récapet et al. , 2017 . Each sample was analysed on the same day in the laboratory for both ROM concentration and antioxidant capacity to avoid freeze-thaw cycles. The samples collected in different years were analysed in different years, so potential differences between years in ROM and OXY levels might partly reflect experimental variation and are thus not interpreted as possible biological effects later on.
When studying correlations, these variables were however standardized within years, so that differences in their correlation coefficient could not stem from between-year differences. (Kanazawa and Ashida 1998) and have a low uptake by intestinal cells (Maestre et al. 2013) . Their contribution to plasma ROM concentration is most likely low. Plasmatic ROM concentration might however be influenced by the concentration of triglycerides in the plasma . Preliminary analyses on a subset of our samples provide no support for such association in our study species, and thus we did not control for the concentration of triglycerides in our statistical analyses (Appendix 1).
Plasma antioxidant capacity was measured by the capacity of plasma to oppose the oxidative action of the hypochlorous acid HClO (OXY adsorbent test, MC434 kit, Diacron International, Grosseto, Italy). This measure reflects the concentrations of ascorbate (vitamin C), flavonoids, carotenoids, glutathione and albumin, which are efficient scavengers of HClO, but not tocopherols (vitamin E) and ubiquinol, which are less reactive toward non-radical oxidants (Folkes et al. 1995; de Groot and Rauen 1998; Pattison et al. 2003; Pennathur et al. 2010 ). We chose this assay because it is less sensitive to variations in uric acid concentration in the plasma than other methods (Costantini 2011 Due to various technical problems during sample preparation, conservation and during laboratory assays, ROM concentration could not be measured for 11 out of 887 samples of adequate quality and plasma antioxidant capacity could not be measured for 27 out of 1116 samples. The total sample size was thus N = 876 for ROM concentration and N = 1089 for plasma antioxidant capacity. For correlation analyses, the sample size with data for both markers was N = 857. More detailed sample sizes by years, breeding stages, sexes and experimental treatments can be found in tables 1 to 4.
Statistical analyses
First, to assess the inter-annual repeatability of ROM and antioxidant capacity markers, we used samples collected on different years but at the same breeding stage (incubation or nestling feeding) for a given individual. We ran a linear mixed-effect model for each breeding stage because only females were sampled at the incubation stage whereas both males and females were sampled at the nestling feeding stage. We included individual identity (nested within sex) and plate (nested within year) as random factors, and year as a fixed factor.
Individuals for which only one measure was available were included in the models to improve the estimates for residual variance (Martin et al. 2011) . The effects of sex (two-level factor) and experimental manipulations (three-level factor: "control", "wing load manipulation", "food supplementation"), as well as their interaction, were included in the models describing the markers during nestling feeding. Second, to assess the repeatability of the oxidative state markers (ROM concentration and antioxidant capacity) measured at different breeding stages (incubation and nestling feeding) within the same year in a given female, we used linear mixed-effect models with individual identity within a year, individual identity within a breeding stage across years (to account for the potential correlation between measures of an individual at a given breeding stage between years), and plate (nested within year) as random factors, and year, breeding stage, manipulation and the interaction of breeding stage and manipulation as fixed factors, on females sampled during incubation and/or nestlings feeding. Repeatability was calculated as the ratio of individual (resp. individual within year) random variance on the sum of individual (resp. individual within year) and residual variances. Confidence interval for these estimates were calculated through 1000 parametric bootstraps and we tested whether the repeatability differed from zero through a likelihoodratio test with a mixture distribution of Chi-square distributions with zero and one degree of freedom as reference, using the rptR package version 0.9.2 (Nakagawa and Schielzeth 2010).
Including body mass as a covariate in any of the models above did not change the variance estimates, and there was no significant effect of body mass, thus the models reported here do not include body mass. The parameters of the univariate models for the repeatability analyses were estimated by restricted maximum likelihood (REML) using the lmer function in R (Bates et al. 2014) . The significance of the fixed effects was tested using F-tests with Satterthwaite estimation for the denominator degree of freedom, using the function anova from the lmerTest library (Kuznetsova et al. 2016 ).
To investigate the correlation between ROM concentration and antioxidant capacity, the two variables were modelled as response variables in bivariate mixed-effect models with plate as distinct random factors for antioxidant capacity and ROM concentration, as well individual identity as a common random factor when pooling multiple years. This allowed us to estimate the covariance, and thus correlation coefficients, at the between-individual and within-individual (residual) levels, while correcting for the random structure of both variables. The response variables were standardized to mean zero and variance one within each year, treatment and sex to account for potential differences in mean and variance between these groups. The covariance was estimated at the between-and within-individual levels when studying multiple years together. The total phenotypic variance-covariance matrix was computed as the sum of the between-and within-individual variance-covariance matrices.
Only the phenotypic covariance is reported when there were less than 10 individuals with multiple measures.
The parameters of the bivariate models were estimated in a Bayesian framework that allowed us to fit different random effects for each response variable and to estimate their covariance at the between-and within-individual levels. The priors for the fixed effects estimates were set to a multinomial distribution with expected values of 0 and a diagonal variance-covariance matrix with a low strength of belief (10 10 ). The priors were set to inverseWishart distributions with the variances set to 1/ni where ni was the number of variance components estimated for the parameter i, null covariances, and a degree of belief equal to the dimension of the variance-covariance matrix for the parameter. Preliminary analyses showed that the priors used for the covariances were quite informative on the posterior distribution of the between-and within-individual correlations, but not on the total phenotypic correlation.
The analyses were performed with Markov chain Monte Carlo sampling using the Table 1 ). There was no effect of the manipulations, even in interaction with sex, on antioxidant 
Results
Inter-annual repeatability of OXY and ROM
Intra-annual repeatability of OXY and ROM
In females sampled at different breeding stages within the same year, the repeatability of antioxidant capacity was low but significant (0.131 [0.030; 0.253]; Table 1 ), whereas the repeatability of ROM concentration between stages was null and non-significant (<0.001 [0; 0.174]; Table 1 ). The food supplementation had a positive effect on the increase in antioxidant capacity between the incubation and breeding stage (interaction breeding stage x manipulations: F2,293 = 3.63, P = 0.028, Figure 1a) . There was no effect on ROM concentration of the manipulations, either alone (F2,519 = 1.08, P = 0.34) or in interaction with the breeding 14 stage (F2,429 = 0.14, P = 0.87). ROM concentration was higher during the nestling feeding stage compared to the incubation stage (+0.165 ± 0.058, F1,100 = 13.14, P = 0.0005, Figure 1b) . Table 2 ), whereas there was no difference in correlation between males whose females were handicapped and controls (ΔDIC = -4.0; Table 2 ). Conversely, there was no effect of the food supplementation in 2014 on the correlation between antioxidant capacity and ROM concentration, since the positive correlation found in supplemented pairs was similar to that in control ones (model with heterogeneous covariances according to food supplementation compared to homogeneous covariances: ΔDIC = +4.6; Table 3 ). Finally, in control pairs, the strength of the correlation was also higher in 2014 compared to 2012 and 2013 (model with heterogeneous covariances according to year compared to homogeneous covariances: ΔDIC = -26.3; Table 4 ). Evidence for a positive correlation between markers was weaker in incubating females compared to nestling-feeding adults (Table 4) .
Correlations between physiological markers
Discussion
In this study, we aimed at describing the correlation structure between two plasmatic markers of the oxidative balance and its variation in different natural and experimental conditions. Individual identity and food availability were important determinants of antioxidant capacity but did not influence ROM concentration. These two physiological markers covaried positively. Importantly, the correlation between markers was stronger in experimentally handicapped (wing-load manipulated) females and varied between years, while relieving energetic constraints through food supplementation did not change the correlation. Overall, our findings refute the existence of a stable correlation structure between these two widely used markers, and call for caution when interpreting these, or similar, markers of oxidative stress.
Stability and variation of individual markers
Antioxidant capacity was repeatable between years at a given breeding stage, as well as within year between incubation and nestling feeding stages (for females). The repeatability was higher during incubation compared to nestling feeding (between years) or between stages (within the same year), suggesting that uncontrolled environmental factors had a stronger effect during nestling feeding. It thus seems that the between-year variation in antioxidant capacity is partly determined by individual characteristics, perhaps including the ability to find higher quality food rich in antioxidants, to acquire a better territory, or to produce more enzymatic antioxidants and spare the dietary antioxidant pools. This could be due to genetic differences or to permanent individual differences due to early-life effects. Similarly, ROM concentration was not repeatable either between-or within-year; variations in ROM concentration were thus mainly determined by external factors or physiological changes, apart from a difference between males and females. The lower methodological reliability of ROM measurements compared to antioxidant capacity, mainly due to low values of ROMs levels, could also have reduced our ability to detect weak but biologically significant repeatability.
This result here contrasts with studies of ROMs that found individual consistency even under different experimental treatments (Stier et al. 2012; Beamonte-Barrientos & Verhulst 2013; Herborn et al. 2015 ; but see van de Crommenacker et al. 2011) . Individual consistency in ROM measurements can however vary with age (Herborn et al. 2016 ). Contrary to the positive effect of food supplementation on antioxidant capacity, ROM concentration was not influenced by the experimental manipulations of energetic constraints (wing load manipulation or food supplementation). These results contrast with the finding that food supplementation decreased ROM concentration but had no effect on antioxidant capacity in breeding great tit females (Giordano et al. 2015) . In our study, ROM concentration strongly increased between incubation and the nestling feeding period in females. The increase between breeding stages in females might reflect the costs of reproduction: ROM concentration increased in breeding females, but not in non-breeding ones, in mice (Stier et al. 2012 ) and in breeding female Seychelles warblers naturally infected with malaria (van de Crommenacker et al. 2012 ).
Alternatively oxidative damage might be adaptively reduced in females during egg-laying to avoid negative effects on offspring, a process called oxidative shielding (Giordano et al. 2015; Blount et al. 2016) . It is thus inconsistent with the hypothesis that circulating antioxidants are limited by external factors and can be depleted when protecting individuals against increased reactive oxygen species. Indeed, in such a case, antioxidant defences and ROMs should correlate negatively or be modified in opposite ways depending on individual and environmental factors (Fletcher et al. 2013; Yang et al. 2013; Hanssen et al. 2013; López-Arrabé et al. 2014 , 2015 . Positive correlations or variation in the same direction between oxidative damage and antioxidant capacity were also found in previous studies on birds (van de Crommenacker et al. 2011; Stier et al. 2012; Isaksson 2013; Xu et al. 2014; Beaulieu et al. 2015; Vaugoyeau et al. 2015; Marasco et al. 2017) . Antioxidant protection could thus adaptively build up to face increased exposure to ROS in periods of higher energy demands, especially in females during the early breeding stages, when oxidative stress can be particularly harmful for developing offspring (Blount et al. 2016 ).
A highly variable correlation structure
The correlation between ROM concentration and antioxidant capacity was sensitive to variation in the conditions experienced by individuals. It was stronger in handicapped females, which experienced stronger energetic constraints compared to control ones.
Conversely, experimentally increased food availability did not appear to influence the correlation between the markers, as there was no noticeable difference in this correlation between control and food-supplemented pairs. The strength of the correlation also increased Despite our limited understanding of oxidative stress and redox signalling across animal species (Halliwell and Gutteridge 2015; Jones and Sies 2015) , a stable relationship between oxidative damage and antioxidant protection is often assumed: it underpins some proposed integrative measures of oxidative stress, such as the ratio between a marker of ROS production/oxidative damages and a marker of antioxidant protection (e.g. Costantini et al. 2006) , or the extraction of principal components from PCAs on a set of these markers (Hõrak and Cohen 2010) . Our results however call for more caution when modelling the relationship between markers of oxidative damages and antioxidants. Consistently, previous studies failed to find consistent correlations between multiple markers of oxidative balance, despite large longitudinal samples (Romero-Haro and Alonso-Alvarez 2014; Christensen et al. 2015) .
Correlations between antioxidants alone were also found to vary strikingly among bird species (Cohen and McGraw 2009) . Beyond defining reference values for different environmental conditions and life-stages (Beaulieu and Costantini 2014) , the stability of the correlation structure under these varying conditions should thus be tested in any study species before making inferences based on ratios or principal components analyses. Such stability may however not exist in nature and more mechanistic models of oxidative homeostasis may thus be required to properly measure oxidative stress. This type of mechanistic models is now relatively well implemented and widely used for studying energetic trade-offs, building upon thermodynamics and chemistry principles (Jusup et al. 2017 ). These models already include nutritional trade-offs due to dietary restrictions in some nutrients, especially in plants. Other potential sources of trade-offs, such as oxidative stress, but also immune function or glucose homeostasis (Récapet et al. 2016b; Montoya et al. 2018) , are however not modelled explicitly, probably due to the complexity of their interactions (Cohen et al. 2012 ). Theoretical models have however shown that multiple, partially independent physiological mechanisms underlying life-history trade-offs could relax the overall trade-off observed at the individual level and thus change the evolutionary outcome (Cohen et al. 2017 ). The physiological "machinery" evolved to respond to environmental challenges can be seen as an evolutionary constraint that does matter and should thus be taken into account when projecting the future evolution of organisms.
Conclusions
In our study, individual antioxidant capacity was repeatable within and between years, but ROM concentration was not, which suggest that an individual's ability to acquire antioxidantrich food plays an important role in its ability to respond to oxidative stress. The two markers were positively correlated and this relationship was conditional on the energetic constraints experienced by each individual: correlations between markers were stronger when wing load 20 was increased experimentally or when environmental conditions were naturally poorer. This probably comes from a tighter adjustment of antioxidant defences to ROS production when conditions were constrained, which could be particularly important to maintain cell redox homeostasis. Given the diversity of physiological and ecological factors that seem to affect the correlation structure between markers of oxidative state in a single population, the discrepancies in these correlations among studies, species and populations come as no surprise. Our results thus question our ability to interpret and make ecological inferences from markers of oxidative state without a more flexible, mechanistic understanding of their interactions.
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